Encircled energy measurement for focusing lens based on scanning Hartmann test by Liu Dan et al.
ARTICLE IN PRESSOpticsOptik





E-mail addrwww.elsevier.de/ijleoEncircled energy measurement for focusing lens based on scanning
Hartmann test
Dan Liua,b,, Huijie Huanga, Bingqiang Rena, Aijun Zenga, Lihua Huanga,
Xiangzhao Wanga
aShanghai Institute of Optics and Fine Mechanics, Chinese Academy of Sciences, Shanghai 201800, PR China
bGraduate School of the Chinese Academy of Sciences, Beijing 100049, PR China
Received 19 January 2006; accepted 6 April 2006AbstractThe encircled energy of a focusing lens is one of the parameters directly affecting the target efﬁciency in high-power
laser facilities. The direct measurement method of the encircled energy for the focusing lens based on the scanning
Hartmann test is proposed in this paper. With the scanning Hartmann test setup, the information in the whole aperture
of the focusing lens can be achieved. The encircled energy can be obtained by analyzing the spot diagram on the focal
plane of the focusing lens. In experiments, the encircled energy of an aspheric focusing lens is measured using this
method. The measurement result is in good agreement with that derived from measurement data by an interferometer
and the difference is 7.7%.
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In high-power laser facilities, the encircled energy of a
focusing lens, bringing the laser pulse to a focus at the
center of the target chamber, is one of the parameters
directly affecting the target efﬁciency [1]. The direct
encircled energy measurement of the focusing lens
increases researchers’ interest for control and evaluation
of the ﬁnal quality of the focusing lens. As a rule, the
ﬁnal quality of the focusing lens is described with the
imaging quality obtained by the confusion circle
measurement, the knife-edge test and the interferometrye front matter r 2006 Elsevier GmbH. All rights reserved.
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ess: danmeier209@siom.ac.cn (D. Liu).[2]. However, the confusion circle measurement is
dependent on the subjective judgment. The knife-edge
test just gives a qualitative result. The imaging quality
parameter of the focusing lens can be obtained
accurately by a wavefront interferometer. But the
interferometer is an expensive and precise equipment
and sensitive to environmental disturbances. A compen-
sator is required when the wavelength of the inter-
ferometer and the operating wavelength of focusing lens
are different. At the same time, the encircled energy of
the lens is given indirectly using the wavefront inter-
ferometer. In this paper, the encircled energy measure-
ment method for the focusing lens based on a scanning
Hartmann test is proposed. The scanning Hartmann test
setup has a simple structure, easy operation and low
requirement for the test environment. The compensator
is unnecessary for the encircled energy measurement.
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Fig. 2. Principle of the scanning Hartmann test apparatus.2. Measurement principle
The scanning Hartmann test setup for encircled
energy measurement is shown in Fig. 1(a). It is a
modiﬁcation of the traditional Hartmann test setup
[3,4]. It mainly consists of a high-quality collimator, a
scanning Hartmann screen, the focusing lens to be tested
and a CCD camera. The collimator is characterized by a
large aperture to test the large-aperture focusing lens.
The light source of the collimator is a laser. The
scanning Hartmann screen is illustrated in detail in Fig.
1(b). In the screen, there are two lines of holes in the
horizontally and vertically radial directions. Each line of
holes contains seven holes, not including the center hole,
spaced evenly with a uniform size. The diameter of these
holes is equal to the space between adjacent holes. The
distance from hole 1 in the horizontal radial direction to
the screen center is twice as that from hole 2 in the
vertical radial direction to the screen center. The center
hole is used to align the center of the screen to the
optical axis of the focusing lens. The screen can be
rotated by a stepper motor around the optical axis. The
CCD camera is ﬁtted on a linear stage which can be
adjusted by a micrometric screw. The CCD camera can
move along the optical axis to be located at a desired
image plane, and the displacement is obtained from the
readings of the micrometric screw. A parallel laser beam
is emitted by the collimator. During the measurement,
only one hole in the screen is opened to enable a beamlet
to pass the focusing lens in one rotation of the screen,
and the other holes are blocked. When the Hartmann
screen is rotated, the focusing lens can be scanned by the
beamlets in a zone corresponding to the opened hole. In
the scanning process, the focal spot images of the
beamlets are recorded. When these holes, except for the
center hole, are opened in turn, the information in
different zone of the focusing lens can be achieved. After
measurements of all zones are completed, the informa-




motor CCD camera stage(a)
Fig. 1. (a) Setup for encircled energy measureobtained. Using a self-programmed software, the focal
spot images can be processed to obtain the data for the
measurement. Compared with the traditional Hartmann
test, the scanning Hartmann test can obtain information
in the whole aperture of the focusing lens by scanning
the screen, and achieve improvements in accuracy and
efﬁciency with the aid of the CCD camera and the image
processing software. In comparison with the interfe-
rometer, the scanning Hartmann test setup performs a
direct detection of intensity, and has a simple structure
and easy operation, without adjustment for the auto-
collimation and rigorous requirement for the test
environment. In the test, no compensator is required
by changing the collimator with the same laser
wavelength as the operating wavelength of the focusing
lens.
The principle of the encircled energy measurement
employing the scanning Hartmann test setup is shown in
Fig. 2. The encircled energy is normally deﬁned as the
size of circular area containing 80% of the total energy
in the full aperture of the focusing lens in best focal
plane. In fact, it is very difﬁcult to directly locate the
CCD camera at the best focal plane due to the
aberration of the focusing lens. Therefore, the focal
spot information at two different sections in the
neighborhood of the focus is obtained using the
scanning Hartmann test setup to determine the best
focal plane and calculate the encircled energy. Suppose
that the two sections perpendicular to the optical axis
are represented by AA and BB. The intersection points
of a beamlet transmitted by one hole in the screen with
AA and BB are deﬁned as M and N. A linear equation
can be determined by coordinates of M and N. Thecomputer
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ment and (b) scanning Hartmann screen.
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where ðx1; y1; z1Þ and (x2; y2; z2) are the coordinates ofM
and N, respectively. According to Eq. (1), the spot
center coordinate of the beamlet intersecting with
arbitrary chosen section can be acquired. The process
is repeated for every beamlet. The spot center coordinate
of the beamlet intersecting with the chosen section can
be derived. Thus intersection points of all beamlets with
the section are achieved and form a spot diagram [5,6] in
the section. Thus the spot diagrams of a series of
sections can be obtained. The point distribution in the
spot diagram represents the intensity distribution in the
section. The best focal plane can be located at the
section in which the intensity is the most concentrative.
Hence, the spot diagram in the best focal plane is
analyzed to obtain the encircled energy.Fig. 4. The circular area diameter vs. the section position.
Fig. 5. The wavefront aberration measured by the interfero-
metry.3. Experiment
In the setup shown in Fig. 1(a), the aperture of the
collimator is 300mm in diameter. The light source is a
He–Ne laser. In the screen, the diameter of the center
hole is 8mm. Other holes have a 10-mm diameter and
the space between the adjacent holes is 20mm. The
distance from hole 1 to the screen center is 20mm. The
model of the CCD camera is MTV-1881EX with a pixel
number of 795 596. The focusing lens is an aspheric
lens made of fused silica and has an aperture of 270mm
with a clear aperture of 250mm diameter. One lens
surface is a spheric surface with a radius of 2200mm and
the other lens surface is an aspheric surface with a radius
at the vertex of 425.75mm. The focal length is 784.3mm
at 632.8 nm wavelength.
In the encircled energy measurement for the aspheric
focusing lens using the scanning Hartmann test setup,
we selected two sections where the readings of micro-
metric screw of the linear stage were 8 and 13mm,
respectively. The total number of the focal spots
measured was 236. The spot diagram of the best focal
plane is shown in Fig. 3. The spot diagrams in 500
sections near the focus were analyzed. Fig. 4 shows a
portion of the relationship curve of the circular area
diameter containing 80% of the total energy in each of
the sections vs. the section position. The best focal plane
is located where the reading of the micrometric screw is
10.34mm. The encircled energy is 20.18 mm in diameter.
Then, the aspheric focusing lens was measured by the
Wyko (RTI4100) laser digital wavefront interferometer
[7]. The measurement result just gave the wavefront
aberration of the aspheric focusing lens with Zernike
polynomials. The wavefront aberration is illustrated in
Fig. 5 where r is the normalized radial coordinate and yis the polar angle where x and y are the normalized
rectangular coordinates. The peak-to-valley value of the
wavefront aberration is 1.1556l in the best focal plane.
By Fourier transform, the intensity distribution in the
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The intensity distribution is illustrated in Fig. 6. In the
ﬁgure, x0 and y0 are the coordinates in the best focal
plane, and Iðx0; y0Þ is the intensity in this plane. It is
noted that the effective aperture for measurement is just
230mm due to the limitation of the aperture of the
standard plane mirror in the interferometer. The
intensity is integrated to achieve the encircled energy.
The encircled energy is 21.87 mm in diameter.
The difference between two results is 7.7%. Thus the
measurement result of the encircled energy using the
scanning Hartmann test setup agrees well with that
derived from measurement data by the interferometer.4. Conclusion
The direct measurement of encircled energy for the
focusing lens based on the scanning Hartmann test isproposed in this paper. With the scanning Hartmann
test, information in the whole aperture of the focusing
lens can be obtained, from which the encircled energy
can be calculated directly. The scanning Hartmann test
setup has a simple structure, easy operation, low
requirement for the test environment and without need
of compensator for measurement. In experiments, the
usefulness of the measurement method has been veriﬁed.
The encircled energy of the aspheric focusing lens is
measured by the scanning Hartmann test setup and a
Wyko (RTI4100) laser digital wavefront interferometer,
respectively. The measurement result agrees well and the
difference is 7.7%.References
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